ABSTRACT Wireless power transfer (WPT) has drawn significant attention in the last decade and more and more literatures are arising on related research topics such as microwave power transfer and wireless powered communications network. The extremely low efficiency of WPT is regarded as the major bottleneck thus becoming the main task that researchers need to tackle. In this paper, we propose a novel distributed antenna power beacon (DA-PB) whose antennas are uniformly distributed on a circle with the same height when performing WPT. Closed-form expression of antenna height for DA-PB is derived to make the radio frequency (RF) electromagnetic radiation power density at any location of the charging cell lower than the safety level given by federal communications commission. In addition, we get the closed-form expression of average harvested direct current (DC) power per user in the charging cell for path-loss exponent 2 and 4. In order to maximize the average efficiency of WPT, the optimal radius for distributed antennas elements is derived when the path-loss exponent takes the typical value 2 and 4, which could be lower bound and upper bound for common path-loss exponent. Conventional colocated antenna (CA) PB is also analyzed as a benchmark for our proposed DA-PB. Simulation results verify our derived theoretical results. And it is shown that the proposed DA-PB indeed achieves larger average harvested dc power per user and efficiency of WPT than conventional CA-PB.
heterogeneous users system over the round-robin scheduling. It is worthy to point that the safety radiation of WPT was firstly considered in [11] . Meanwhile, in [12] and [13] and references therein, WPT models with multi-antenna or largescale antenna array have been studied to improve the efficiency of WPT. WPCN based on multiple energy transmitters are considered in order to harvested as much energy as possible in [14] and [15] .
On the other hand, Distributed Antenna Systems (DAS) has been shown to have the ability to significantly increase coverage as well as improve system throughput [16] [17] [18] [19] . Consequently, the concept of DAS is introduced into WPCNs. The basic models and challenges for joint wireless information and energy transfer with DAS have been addressed in [20] . Three different configurations of PB, multi-antenna PB, distributed PBs and distributed PBs with distributed antenna elements (DAEs), for a wireless-powered cellular network are investigated by Tabassum and Hossain [21] . The authors argued that by exploiting distributed PBs, the system performance could be significantly improved. In [22] , we also show the performance of wireless-powered sensor networks with randomly deployed PBs and DAEs. As stated in [11] and [23] , the RF electromagnetic radiation problem, which is extremely indispensable in practice, should draw more and more attention to protect the living beings in the coverage of WPT. Most of existing work did not consider the electromagnetic exposure. In this paper, we investigate the optimal deployment of DAEs of PB with uniform circular layout.
B. CONTRIBUTIONS AND ORGANIZATION OF THE PAPER
The contributions of this paper are summarized as follows:
• A novel deployment architecture of antennas for PB is proposed to implement efficient WPT. Considering the radio frequency (RF) electromagnetic radiation safety level drafted by the Federal Communications Commission (FCC), we get the closed-form expression of DA-PB antenna height to make the RF electromagnetic radiation power density at any location of the charging cell lower than the safety level limited by FCC.
• For the proposed DA-PB, we give the closed-form result of average harvested DC power per user in the charging cell when path-loss exponent takes the typical value 2 and 4, which are the typical values for suburban area and urban city, respectively.
• In order to maximize the average efficiency of wireless power transfer, we get the optimal radius of distributed antennas of DA-PB when path-loss exponent takes the typical value 2 and 4.
The remainder of the paper is organized as follows. Section II elaborates the system model. The calculation of antenna height of DA-PB and the performance analysis are presented in Section III. In Section IV, in order to maximize the average efficiency of WPT when using DA-PB, we get the optimal radius of distributed antennas when path-loss exponent takes the typical value 2 and 4. Simulation results and discussion are presented in Section V. Finally, Section VI concludes the paper and followed by detailed derivation process of some results relegated to appendices.
Notation: For a complex variable x, operators {x}, |x| and arg(x) denote its real part, amplitude and phase, respectively. E y {x} stands for the statistical expectation of real random variable x with respect to y and x ∼ U(a, b) denotes that x is a random variable following the uniform distribution in the interval from a to b. Finally, P out−x stands for the average harvested DC power per user, where x ∈ {CA, DA} stands for the deployment structure of the PB antennas ('CA' for colocated antennas and 'DA' for distributed antennas). η x stands for the average efficiency of WPT, where the meaning of x is similar to that in P out−x .
II. SYSTEM MODEL
As depicted in Fig.1 , we assume the region covered by the PB as a disc, with the radius R and the coordinate of the center at the origin. Suppose the PB has N antennas with the total power P and each user has a single antenna. For the convenience of illustration, N equals to 4 in Fig.1 . The users whose height is assumed to be zero are uniformly distributed in the charging cell. Specifically, in Fig.1(a) , the PB with multi-antennas is located at the center of the disc and the distance between the antennas is extremely smaller compared to the distance from the PB to the users, thus it can be deemed as Co-located Antenna Power Beacon (CA-PB). We assume the antenna height of CA-PB is h C (Note that when the maximal transmit power P is fixed, the antenna height of CA-PB h C is restricted in order to protect users from being hurt by the radio frequency (RF) electromagnetic radiation). In contrast, the PB in Fig.1(b) can be referred to as Distributed Antenna Power Beacon (DA-PB). Thus, we suppose that there are more one antennas are equipped in the DA-PB, i.e., N is a positive integer larger than 1. Uniform circular layout (UCL) of DAEs is generally exploited to analyze the performance of DAS in company with the circular cell [16] [17] [18] [19] and [21] . Therefore, the distributed antenna elements (DAEs) of DA-PB are uniformly deployed on a circle whose radius is r and they might be connected to the central processing unit of PB through underground power lines. We further assume that the PB has no knowledge of the channel state information (CSI) between the PB and the users, so equal power allocation among the antennas is considered in this paper, i.e., the transmit power of each antenna is P/N . Suppose all the antenna height of DA-PB is h D so that the radiation power density at any location of the charging cell is lower than the safety level given by FCC. Thus, the antenna height h D is set to protect users from being hurt by the radio frequency (RF) electromagnetic radiation. Comparing Fig.1(a) with Fig.1(b) , for a fixed user node, the different antennas of CA-PB deliver energy to the user over the same distance, while the DAEs of DA-PB simulcast energy signal to the user over different distance due to different antenna locations. 
A. SIGNAL PROPAGATION MODEL
In this paper, we assume the power transmitted from each antenna of PB can be aggregated at the user nodes and this can be proved as follows. We assume the radio frequency (RF) band signal transmitted by the i th antenna at time slot t is
where P i = E s 2 i (t) denotes the transmit power of the i th antenna, f refers to the carrier frequency and x i (t) is the complex baseband signal of bandwidth B Hz and unit power, i.e., |x i (t)| 2 = 1, ∀i = 1, 2, . . . N . It is assumed that B f . Herein we assume that PB has no knowledge on channel state information of the users. How to optimize x i (t) with channel state information can be found in [24] and [25] . For a fixed user, the received signal at the user is
+ n(t) (2) where c stands for the constant scaling factor, d i , θ i (t), and |h i (t)| 2 denote the distance, phase shift, and power gain of the fast fading channel from the i th antenna to the user, respectively. Moreover, n(t) is the additive white Gaussian noise (AWGN) at the user at time slot t and α stands for the path loss exponent which usually falls in the interval [2, 4] . Compared to the received RF signal, the noise power is usually greatly smaller thus can be neglected. Therefore, we have
First, the received RF signal goes through the nonlinear Schottky diode, thus the output current includes the DC component as well as the harmonic components at kf (k ≥ 1). The output current of the Schottky diode is given by the Shockley's diode equation [27] i(t) = I s e r(t)
where i(t) refers to the output current after the Schottky diode at time slot t, I s denotes the reverse saturation current of the diode, β is the ideality factor of the diode (generally has a range between 1 and 2 depending upon the operating conditions and physical construction) and V T refers to the thermal voltage. The second equation in (4) is derived by exploiting Taylor series expansion of the exponential function. After rectifying, we only consider the quadratic term of output signal which is presented as the approximation because the coefficients of the high-order (k > 2) terms in (4) is relatively small [4] , [11] . This is the so-called linear RF-to-DC model [3] [4] [5] [6] [7] and [10] [11] [12] [13] [14] [15] . As addressed in [24] [25] [26] and [30] , the nonlinear RF-to-DC model which takes the higher order terms into account is more accurate and efficient compared to the simple linear model, especially in the lower power regime. The arguments for we herein adopting the linear model are as follows: i) The linear RF-to-DC model is more convenience for theoretical analysis. ii) The derived harvested energy by the linear model is usually less the one obtained by the nonlinear model, so that the analyzed performance in this paper is a approximation of the actual performance. iii) After balancing the tradeoff between analyzing complexity and accuracy, we use the linear mode in this paper. In future work, we are going to investigate the effect of nonlinear RF-to-DC model on the antenna deployment of PB. Then, the output current i(t) passes through the low pass filter (LPF). The signal components with high frequency are excluded and the remainder is
Note that θ i (t) is a uniformly distributed variable, i.e., θ i (t) ∼ U(−π, π) and |h i (t)| 2 is a random variable following the exponent distribution and they are independent of each other [28] . In addition, for ∀i = 1, 2, . . . , N , θ i (t) and |h i (t)| 2 are independently identically distributed (i.i.d.) and independently of d i and x i (t), respectively. The probability density function (PDF) of |h i (t)| 2 is
where σ 2 h denotes the mean of the random variable |h i (t)| 2 . Since the small scale fading is independent on the large scale fading, i.e., path loss in the system model, we can first average the DC current over all possible channel realizations. After averaging the random phase θ i (t) and |h i (t)| 2 , we get the average DC current. Therefore from the statistical prospective, we regard the last two terms in (5) are null and only the first term is considered in this paper.
Finally, the DC current is converted to the DC power and then stored in the rechargeable battery. The power charged to the battery is generally linearly proportional to the input DC with the scaling factor being energy transfer efficiency 0 < ξ < 1. Thus the ergodic harvested DC power P out (x, y, 0, t) for the user at the coordinate of (x, y, 0) is given by
where (8) is actually the sum of average received power transmitted from different antennas. Thus we have completed the proof of our assumption.
It is worth mentioning that (8) is similar to those in [10] , [21] , and [29] , which verifies our assumption and derivation. In addition, we assume that a quasi-static blockfading is considered and the channel gain from the antenna to the user is independent from block to block. Therefore, for the convenience of illustration, we discard the index t in the remainder of the paper.
Remark 1 (Technology of Maximizing Instantaneous Harvested DC Power):
We admit that by elaborately designing the power allocation and transmission phase in (5), the instantaneous harvested DC power of a user can be maximized (see [30] and references therein), but this will need estimation and feedback of the instantaneous CSI. First, the estimation and feedback are generally not as accurate as expected, which hinders us from getting optimal system performance and even deteriorates the system performance; Second, estimation and feedback of CSI increase the system overhead. Thus, in this paper, we consider the ergodic harvested DC power of (5) . Note that the DA-PB without any extra estimation and feedback of CSI discussed in this paper is quite easy to implement in practice.
B. RADIO FREQUENCY ELECTROMAGNETIC RADIATION
Considering the safety levels of human exposure to RF electromagnetic fields, we place the antennas at the height of h C and h D for CA-PB and DA-PB, respectively. Generally speaking, because the industrial, scientific, and medical (ISM) frequency band is open and free, WPT can use the ISM band such as 2.45 GHz, 5.8 GHz to perform WPT in practice [11] . The radiation power density (see [31, pp. 32] ) is defined as = P r 4πd 2 where P r , d are the radiation power density at the distance of d from the power beacon, power beacon transmit power, and the distance between the user and the power beacon, respectively.
III. ANTENNA CONGFIGURATION AND PERFORMANCE ANALYSIS
In this section, considering the equal power allocation among antennas, we first derive the minimum antenna height of PB in order to protect users from being hurt by RF electromagnetic radiation. Then, we analyze the average harvested DC power per user in the charging cell and the average efficiency of WPT for CA-PB and our proposed DA-PB. In addition, the users follow the uniform distribution in the charging cell. The system performance is characterized by the average harvested DC power per user and the average efficiency of WPT. Specifically, we average the resultant ergodic harvested DC power in the whole cell and yield the average harvested DC power per user. The average efficiency of WPT, which can be exploited to judge what kind of deployment is more energy efficient, is defined as the ratio of average harvested DC power per user and the total transmit power of PB.
A. CA-PB 1) ANTENNA HEIGHT OF PB For CA-PB, the transmit power P and the antenna height h C of power beacon should be limited by (9) in order to avoid exclusion zone in the charging cell (We are only interested in the disc whose height is zero because users height is assumed to be zero). Avoiding exclusion zone is referred to making the radiation power density at any location in the charging cell lower than the safety level (Refer to [31, pp. 32] and [32, pp. 27] ). It means
where 0 denotes the safety radiation level 1 given by FCC. This result can offer useful directions when deploying the CA-PB antennas to avoid exclusion zone in the charging cell.
2) AVERAGE HARVESTED DC POWER
Compared with the distance between the antennas and the user, the distance between antennas in CA-PB is extremely smaller, so we regard all the PB antennas as co-located so as to simplify the analysis. Thus the distance between different antennas and the user is the same. Without loss of generality, we assume the coordinate of the user is (r u cos φ, r u sin φ, 0) where r u is the distance from the original to the user node and φ is the azimuth in the polar coordinate. Then, the distance between the CA-PB antennas and the user is d 0 = r 2 u + h 2 C . By virtue of (8), the ergodic harvested DC power of the user at (r u cos φ, r u sin φ, 0) is
Assume that the users are uniformly distributed in the charging cell, the joint probability density function (PDF) of (r u , φ) is
So the average harvested DC power per user in the charging cell is
In the special case α = 2, we get
It is obvious that the average harvested DC power per user for CA-PB linearly increases as the transmit power goes up.
3) AVERAGE EFFICIENCY
In our system, the average efficiency of WPT is defined as the ratio of average harvested DC power per user and the PB transmit power. The average efficiency of WPT can be deemed as an extraordinarily important metric when judging which deployment of antennas for PB is more energy efficient.
Note that all the antennas simulcast energy signal to the user, thus the total transmit power is P. The average efficiency of WPT for CA-PB is
1 According to the IEEE standard C95.1-2005, the safety radiation level of human exposure to RF electromagnetic fields from 2 GHz to 100 GHz is 10 W/m 2 (i.e., 1 mW/cm 2 ) ( [11] and [32, pp. 27]).
From the result above, we can argue that the average efficiency of WPT of CA-PB is determined by the antenna height of PB and the path-loss exponent.
B. DA-PB 1) ANTENNA HEIGHT OF PB For DA-PB with uniform circular layout (UCL) of DAEs and equal power allocation (see Fig.1(b) ), without loss of generality, we assume the coordinates of the DAEs are listed as follows. For the convenience of expression, we have assigned a number for each DAE. Specifically, we denote the coordinate of DAE i as
Because of the rotation symmetry property of the circle formed by N DAEs, there exist N points which have the same maximal radiation density and are distributed uniformly in a circle inside the DAE circle. If N = 2, two points with maximal radiation density are overlapped at the original point of the DAE circle. Suppose N points are uniformly distributed in the circle with radius ν, then the coordinates of them can be expressed as
where ϕ means the azimuth difference between the DAEs and the corresponding points. For example, the point which is nearest to DAE i is assigned at E i . Consequently, we have 0 ≤ ϕ < 2π/N . Considering the path-loss fading, it is obvious that 0 ≤ ν ≤ r. As all N points achieve the same radiation power density, we can study E 1 = (ν cos ϕ, ν sin ϕ, 0) as representative to address ν, ϕ and h D according to the safety radiation power level.
To compare the performance of CA-PB and DA-PB fairly, we let CA-PB and DA-PB scenarios have the same maximal radiation density in the charging cell. In addition, suppose the maximal radiation density equals to the safety level given by FCC. So for the point in coordinate E 1 we straightly have
is the radiation power density at the coordinate E 1 . Suppose
That is to say the N points with maximal radiation density in DA-PB are located at ν cos
By (15) and (16), using product-to-sum identities, there is
Then, given the feasible range of ϕ, the first-order partial derivative of d (ϕ, ν, h D ) with respect to ϕ is
Therefore, the coordinates with maximal radiation density in DA-PB should meet ϕ = 0. It means that E i must be on the line between O i and the charging cell original. It is very hard to give a closed-form expression of ν and h D from (17) . However, considering a large-scale antenna case, i.e., N → ∞, we get the explicit simple analytic expression for ν and h D , i.e.,
and
The detailed derivation process can be found in Appendix A. Note that ν is piecewise function of DAE radius r, to speak specifically, a non-decreasing function, and is continuous at the point of r = denotes the distance between the DAE i and the user. Consequently, the ergodic harvested power of the user at (r u cos φ, r u sin φ, 0) is
Then, the averaged ergodic harvested power of the user over all possible locations in the disc, i.e., 0 ≤ r u ≤ R and 0 ≤ φ < 2π , is
Thanks to rotation symmetry in the UCL of these DAEs, N antennas contributed the same power to the user in the sense of averaged ergodic harvested power. Thus, we can take the contribution of the first antenna (i.e., i = 1) as the typical value to represent the contribution of all N antennas. The reason why we choose the 1st antenna is that d 1 = r 2 u + r 2 + h 2 D − 2rr u cos φ has the compact expression. Then, there is
where Q is intractable but we get an explicit closed-form expression when α takes the typical value 2 and 4:
The detailed derivation process of (23) is presented in Appendix B. Note that the P out−DA is also proportional to the transmit power because the definite integral Q in (21) is actually a constant and power independent. Finally, we can get the close-form expression for P out−DA with α = 2, 4. Similar to the CA-PB scenario, we can also consider the large scale antenna case, i.e., N → ∞. Since the number of the distributed antennas is large enough, the UCL trends to an antenna circle in the charging area. It means that the DA-PB with infinite antennas is isotropic for the user. For the azimuth of an user is uniformly distributed in the interval [0, 2π ), we just need to obtain the averaged harvested DC power of the user located in a fixed azimuth in the case N → ∞. Obviously, we could choose φ = 0 to simply the derivation. Then there is P out−DA (r u , 0)
where
there is ω i → 0, following the definition of integral, we get lim
where P · (·) denotes the Legendre function ( [33] ) and P a (b) = F(−a, a+1; 1;
2 ), where F(·, ·; ·; ·) is the Gauss hypergeometric function [33] . This function can be calculated by using any standard mathematical software packages such as MAT-LAB and MAPLE. Note that we have used [34, (2.5.16.38)] to get the last term in (25) . Although we exactly know the PDF of r u is f r (r u ) = r n /R 2 , ∀ 0 ≤ r u ≤ R, it is too complicated to derive the analytic result of P out−DA in the case of N → ∞. Instead, we can appeal for the numerical methods to achieve the value of the averaged harvested DC power in this case.
Similarly, the average efficiency of DA-PB is
Note that Q is a variable related to path-loss exponent, antenna height of DA-PB, and the DAE radius. So we can optimize the location of DAEs to maximize the average efficiency of WPT for DA-PB. (27) Without loss of generality, we use d ref = 1 throughout this paper, thus h C ≥ √ 2R. On the other hand, in order to improve the average efficiency of WPT, the antenna height is as lower as better but it must satisfy the safety radiation level limited by FCC. Given this, we assume that h C < R. Antenna height of BS being lower than the cell radius is a common assumption in the existing wireless communications related literatures. From the above, we only focus on √ 2R ≤ h C < R from now on to continue our analysis.
IV. LOCATION OPTIMIZATION OF CIRCULAR PB DISTRIBUTED ANTENNAS

A. PATH-LOSS EXPONENT 2
When α = 2, in order to maximize the average efficiency of WPT, we formulate an optimization problem to get the optimal DAE radius as follows
h D is given by (19) . We get the closed-form expression of the optimal DAE radius as follows
The detailed derivation process can be found in Appendix C. From the startlingly concise result, we can easily find that the optimal DAE radius is only determined by the size of the cell, i.e., the radius of the cell, and the CA-PB antenna height.
Note that h C is essentially determined by the safety level of radiation power density and total transmit power. This can be explained by (9).
B. PATH-LOSS EXPONENT 4
Similarly to that when α = 2, we formulate an optimization problem to get the optimal DAE radius for α = 4 as follows
We reformulate the above optimization problem into finding the desired real root in the range (
for the next eightorder polynomial equation
The proof can be referred to Appendix D. It is easy to show that p( h 2 C 2 ) < 0 and p(R 2 ) > 0, so there must be at least one real root for x ∈ (
However, it is nontrivial to prove the uniqueness of real root of the above equation. We admit that we can not prove it directly. Next, we present some alternative methods to help to bracket the real roots of the above equation. Note that for √ 2R ≤ h C < R, only the coefficients of the eightorder and six-order terms are positive, the other coefficients are negative. According to Descartes rule of signs [35] , the number of positive real roots of the above single-variable polynomial is either equal to the number of sign differences between consecutive nonzero coefficients, or is less than it by an even number. Multiple roots of the same value are counted separately. So it is easy to argue that (31) has one or three positive real roots. We further determine the number of real roots in the range x ∈ ( h 2 C 2 , R 2 ) of (31) by the Sturm s Theorem [36] . First, we get the Sturm Sequence of p(x) as: 
, then skip to step 5 to find the real root x 1 , thus r = √ x 1 .
3: Else (n = 2 or 3), then isolate the interval (
, R 2 ) of real roots, resulting in n distinct intervals (a 1 , b 1 ) , . . . , (a n , b n ), each of which has only one real root and there is no intersection among different intervals. Go to step 5 to find all the real roots {x i , i ≤ n} in (
, thus r is given by (33) . 4 The optimal DAE radius can be calculated by the numerical iterative method as follows. First, use the Sturm's Theorem to determine the number of real roots of (31) in the range ( 
where r i = √ x i , i ≤ κ. The detailed numerical solving process of the optimal DAE radius r is summarized in Algorithm 1.
V. SIMULATION RESULTS AND DISCUSSION
In this section, we present simulation results and discussion. Specifically, for CA-PB and DA-PB, we give the simulation results of antenna height, average harvested DC power, average WPT efficiency as well as their theoretic values. Parameters used in the simulations are presented in Table 1 unless 
A. ANTENNA HEIGHT OF PB
As is shown in Fig.2 , we illustrate the antenna height of DA-PB when DAE radius becomes larger. Markers in Fig.2 are obtained by exhaustive search in the simulated scenario while lines are plotted by (19) . It is demonstrated that the closed-form result of antenna height is extremely close to the value obtained by exhaustive search in simulation with N = 100. This verifies the closed-form result of antenna height (19) . We can see that the antenna height of DA-PB is a decreasing function of DAE radius. In addition, we give the results for different antenna heights of CA-PB. It is worth mentioning that the lower h C surely improves the efficiency of WPT, but it needs elaborate designed for transmit power in order to satisfy safety radiation.
B. AVERAGE HARVESTED DC POWER
In Fig.3 , we present the simulation results of average harvested DC power in comparison with the theoretical values. Simulation results are obtained by random realizations of fast fading channel and user locations while theoretical results are obtained by (21) . It is obvious that the simulation results are perfectly consistent with our derived theoretical values. On one hand, it is found that the average harvested DC power for both CA-PB and DA-PB are proportional to the transmit power which can be demonstrated by (12) and (21), respectively. On the other hand, by using DA-PB, the average harvested DC power becomes larger. We can see from Fig.4 that the result in (25) when N → ∞ is extremely consistent with the simulation results when N equals to 100. That is to say we can use the performance expressions with approximation N → ∞ to demonstrate the performance of DA-PB with large number of antennas. Obviously, Fig.4 shows that the ergodic harvested DC power is higher when r u is close to DAE radius r. What's more, for either r u > r or r u < r, the ergodic harvested DC power is a convex function of r u . As expected, the smaller path-loss exponent is, the higher ergodic harvested DC power users can harvest.
In Fig.5 , we present the average harvested DC power versus the antenna number of DA-PB. To further show the practicability of the large scale antenna approximation, i.e., N → ∞, 'The. N → ∞' means the results calculated via the equations derived under the condition N → ∞. While, legend 'The.' stands for the results obtained through the expressions without large scale antenna approximation during the derivations and all nonanalytic terms in these expressions are calculate by numerical method. Many interesting phenomena can be found from this figure. First, for path-loss exponents 2 and 4, the average harvested DC powers by using DA-PB are greater than that by using CA-PB. Second, when the number of DAEs is about 80, the result we derive under the condition N → ∞ is extremely close to both simulation result and theoretical result, which indicates that the theoretical result with N → ∞ can be applied in the large scale antenna scenario. Finally, the average harvested DC power by using CA-PB is invariant, while the average power harvested by using DA-PB increases when N goes up. This phenomenon shows that by using multiple antennas, the performance gain of our proposed DA-PB can be improved further. In contrast, there is no performance gain when CA-PB uses multiple omnidirectional antennas.
As a matter of fact, the antenna height h C also affect the performance of average harvested DC power. The result in Fig.6 illustrates the effect apparently. Specifically, the larger h C means the larger average distances between PB antennas and users, which decreases the average harvested DC power. Even though all the values of average harvested DC power decrease when h C gradually increases, DA-PB strictly outperforms CA-PB for an arbitrary h C .
C. AVERAGE EFFICIENCY OF PB
In order to verify the optimal DAE radius, we present the average efficiency of WPT versus DAE radius r in Fig.7 . Specifically, the simulated results are based on the condition that antenna number is 100, while theoretical results are under the approximation N → ∞. For the path-loss exponent 2, the black solid circle is the optimal DAE radius obtained by (29) while for the path-loss exponent 4, the black solid diamond means the optimal DAE radius using Algorithm 1. It is obvious that the optimal radius are consistent with the simulation results. Obviously, the DA-PB is strictly better than CA-PB for arbitrary DAE radius. Note that the efficiency is lower than one percent, this can be explained as follows. In this paper, in order to satisfy the Friis Equation as well as use simplified path-loss formula, we assume h C ≥ √ 2R. However, h C could be smaller in practice as long as to restrict the transmit power to satisfy the safety radiation. Thus the average efficiency of WPT could be larger in practice.
Compared to CA-PB, DA-PB has other advantages. In Fig.8 , with the average harvested DC power being fixed as 0 dBm (i.e., 1 mW), we find that the transmit power can be dramatically saved by using DA-PB. There is an optimal DAE radius in order to minimize the transmit power. Compared with the case when using CA-PB, for the path-loss exponent 2, it is easy to find that 3 dB transmit power can be saved, while more than 15 dB can be saved when path-loss exponent is 4. This again demonstrates that DA-PB is better than CA-PB. As we can see from Fig.9 , the cumulative distribution function (CDF) of WPT efficiency of CA-PB is significantly steeper than that of DA-PB for path-loss exponent 2 and 4. This indicates that there is a larger area that users can harvest more power by using DA-PB than that by using CA-PB. The efficiency of CA-PB is extremely lower compared with DA-PB. For example, when path-loss exponent is 2, the probabilities of efficiency being larger than 0.5 percent are 0.2 for DA-PB and 0.05 for CA-PB, respectively. This phenomenon can be explained as follows. First, CA-PB with longer average propagation distance means higher propagation pathloss which reduces the WPT efficiency; Second, by using DA-PB, the average distance between DAEs and users is shortened, which decreases the path-loss of the power transfer and eventually increases the WPT efficiency. Note that the WPT efficiency can be further improved by lowing h C so long as to restrict the transmit power to satisfy the safety radiation.
VI. CONCLUSION
In this paper, we consider a novel antenna deployment of PB, i.e., DA-PB. We derive the antenna height of DA-PB to protect users from being hurt by RF electromagnetic radiation. Besides, we get the average harvested DC power per user in the charging cell. In order to maximize the average efficiency of DA-PB, we get the optimal DAE radius of circularly distributed PB antennas. Finally, simulation results verify the theoretical results and show that the proposed DA-PB indeed achieves larger average harvested DC power per user and average efficiency of WPT than conventional CA-PB. These useful observations can give operators valuable directions when exploiting PBs in WPT or future Wireless Powered Communications Network (WPCN).
where [33, (3.661.4) ] is exploited to derive (35) . Thus, for N → ∞, 
Case 2: If t ≤ 0, we argue that ν = 0. Similarly to Case 1, we get
From the above analysis, we conclude that
APPENDIX B
It is difficult to give a closed-form expression of Q for arbitrary path-loss exponent α, but we get a closed-form result when α takes the typical value 2 and 4. Specifically, for the special case α = 2, Q is derived as (42), as shown at the top of the next page where [33, (3. 661.4) and (2.261)] are exploited to derive the integral I and the last equation in (42), respectively. With arcsinh(x) = ln x + √ x 2 + 1 , and after some algebraic manipulations, for α = 2,
For the case α = 4, the similar derivation procedure can be followed to get Q.
APPENDIX C
For the special case α = 2, the optimization problem P1 can be reduced to the following problem
where f 1 (r) = ln
given by (19) . For the convenience of calculation, let a
With the nominator being always larger than zero, we only consider the numerator.
, denote the numerator as (46), as shown at the top of the next page. For any h C ∈ [ √ 2R, R), it is easy to show that h 11 (r) > 0 always holds. Therefore, for r ∈ 0,
, f 1 (r) > 0 always holds. Note that there is a minimal value of f 1 (r) when r = 0, so we discard it and only focus on r > 0 from now on.
Case 2:
, R , denote the numerator as (47), as shown at the top of the next page. Discarding the positive terms and after some algebraic manipulations, we get 
With the variable substitution x = r 2 , let I 1 (x) = 0. We get
Note that x is larger than zero, so
For any h C ∈ [ √ 2R, R), it is easy to show that x 1 ∈ , which has been proved above, we argue that the optimal DAE radius must lie in the range
, R .
On the other hand, f 1 (r) | r→R − < 0, f 1 (R) is certainly not the maximal value. Therefore
This ends the proof.
APPENDIX D
For the special case α = 4, similar derivation procedure can be followed to get the optimal DAE radius. The optimization problem P2 can be reduced to the following problem 
where f 2 (r) = , denote the numerator as (54), as shown at the top of the previous page. Similar to α = 2, for r ∈ 0,
, it is easy to prove that f 2 (r) > 0 always holds. So we discard it and only focus on r > 0 from now on. 
With the variable substitution x = r 2 , let I 2 (x) = 0. We get Similar to α = 2, it can be proved that the optimal real root must lie in the range ( h 2 C 2 , R 2 ). Therefore, the optimal DAE radius must be one of the square-roots of the above eightorder equation real roots in ( h 2 C 2 , R 2 ). This ends the proof.
